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Abstract 
Data from the literature suggest that predatory success declines as habitat complexity increases. 
To explain this phenomenon, we studied the predator-prey interaction between largemouth 
bass Micropterus salmoides and bluegills Lepomis macrochirus in four laboratory pools (2.4-3.0 m 
diameter, 0.7 m deep), each with a different density (0, 50, 250, 1,000 stems/m e)of artificial 
plant stems. Behavior was quantified for both predator and prey during largemouth bass feeding 
bouts lasting 60 minutes. Predation success (number of captures) by largemouth bass was similar 
at 0 and 50 stems/m 2,then declined to near zero at 250 and 1,000 stems/m 2.As stem density 
increased, predator activity declined due to a decrease in behaviors associated with visual contact 
with prey. Reduced predation success by largemouth bass in habitats of increased complexity 
apparently is related to increases in visual barriers provided by plant stems as well as to adaptive 
changes in bluegill behavior. 
Littoral zones, with their associated vegeta- 
tion, are important areas of fish production in 
north temperate aquatic communities. In par- 
ticular, these areas provide habitat for many 
fishes, including members of the sunfish family, 
Centrarchidae (DiCostanzo 1957; Hall and 
Werner 1977; Werner et al. 1977; Keast 1977, 
1978; Laughlin and Werner 1980). 
Juvenile sunfishes might live in vegetation for 
at least two reasons: availability of forage or 
avoidance of predators. Based on relative hab- 
itat profitabilities measured in a natural lake and 
optimal-foraging considerations, Mittelbach 
(1981) predicted that all sizes of bluegills Le- 
• The Unit is jointly sponsored by the United States 
Fish and Wildlife Service, Ohio Department of Nat- 
ural Resources, and The Ohio State University. 
pomis macrochirus should move out of the vege- 
tated littoral zone into open water and feed on 
Daphnia during much of the summer. Because 
bluegills smaller than 100 mm total length do 
not move offshore as predicted, Mittelbach 
(1981) suggested that fish of this size remain in 
the vegetation to avoid predation by large- 
mouth bass Micropterus salmoides. This is a rea- 
sonable hypothesis because a variety of studies 
suggest that prey vulnerability decreases as en- 
vironmental complexity increases (Huffaker 
1958; Glass 1971; Stein and Magnuson 1976; 
Saiki and Tash 1979). However, no one has 
demonstrated explicitly that vegetation reduces 
vulnerability of bluegills. To test this assump- 
tion, we completed a series of experiments that 
quantified the relationship between predation 
mortality and vegetation density, using large- 
mouth bass as predators and bluegills as prey. 
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If vulnerability of bluegills declines with in- 
creasing structural complexity, selection of this 
habitat by bluegills, even in the face of poor 
foraging return, could be explained on the ba- 
sis of higher survival in vegetation than in open 
water. 
A variety of mechanisms might be involved 
in reducing prey vulnerability in complex hab- 
itats. For example, vulnerability could be re- 
duced in vegetation simply because random vi- 
sual encounters between predator and prey are 
reduced (Cooper and Crowder 1979). Alter- 
natively, behavioral responses of the prey to the 
predator could alter the probability of prey de- 
tection and capture. And certainly, predator 
behavior could be modified by vegetation. To 
distinguish among these competing hypotheses 
in our experiments, we quantified the behav- 
ioral interactions between largemouth bass and 
bluegills with increasing stem density. If the 
random model explains our results, then these 
data could be generalized to many predator- 
prey interactions in the vegetation. However, 
if prey vulnerability is strongly influenced by 
behavioral interactions, then our results may be 
specific to this particular predator-prey system. 
Methods 
We conducted 1-hour observational experi- 
ments in a shaded outdoor area during two 
summers. Four circular, plastic pools (3 m di- 
ameter, 0.7 m deep) with dark inside walls were 
used the first year, whereas circular, steel pools 
(2.4 m diameter, 0.7 m deep) with white inside 
walls, which facilitated viewing of fish, were used 
during the second year. Water temperatures 
ranged from 16 to 24 C during the study, but 
fluctuated only 2 C during any 24-hour period. 
Between experiments, water was circulated 
through a sand-floss filter to improve water 
clarity and maintain dissolved oxygen concen- 
trations at about 7 mg/liter. Algal blooms were 
controlled by an algicide (containing monuron, 
simazine, and atrazine) applied twice per sum- 
mer. 
Lengths of yellow polypropylene rope (4 mm 
diameter, 0.5 m long) simulated natural plant 
stems. Periphyton covered these rope strands 
after a few weeks, causing them to resemble 
aquatic macrophytes. Rope ends were fastened, 
in a uniform distribution, to wire mesh that was 
covered with sand on the pool bottom; free ends 
floated to the water surface. Attached strands 
remained flexible, allowing largemouth bass 
freedom of movement through the pool. Each 
pool contained a different density of these rope 
strands (0, 50, 250, 1,000 stems/m2), hereafter 
referred to as zerol ow, medium, and high stem 
density. Inter-stem distances were about 14, 6, 
and 3 cm for low, medium, and high stem den- 
sity, respectively. These densities were chosen 
to reflect the range of macrophyte densities 
found in natural communities (Ozimek et al. 
1976; Sheldon and Boylen 1977; Crowder and 
Cooper 1979). To permit observers to estimate 
distances in the pools, we laid colored stones 0.3 
m apart on the sand bottom. Experiments were 
run only in the morning to eliminate time-of- 
day effects. 
Largemouth bass used in our experiments 
were collected from Ross Lake, Ross County, 
Ohio, arid ranged from 33 to 37 cm total length. 
In all, five largemouth bass were used, one in- 
dividual per experiment. Bluegills used ranged 
from 35 to 44 mm total length and were ob- 
tained from local ponds and Hebron National 
Fish Hatchery, Ohio. Bluegills of this size com- 
monly are found within the littoral vegetation 
of natural lakes (Hall and Werner 1977; Mit- 
telbach 1981), and thus should be most affected 
by changes in stem density. 
Largemouth bass and bluegill behavior cate- 
gories were determined from preliminary ob- 
servations. Largemouth bass behaviors were 
separated into six mutually exclusive cate- 
gories: 
Search: moving, but not orienting to the prey. 
Follow: moving, and orienting to particular 
prey. 
Pursue: following at burst speed. 
Attack: striking at prey. 
Capture: ingesting prey. 
Inactive: resting and motionless. 
Bluegill behavior and position in experimental 
pools was categorized as follows: 
Behavior 
Schooled: individuals aggregated and moving 
about as a unit. 
Dispersed: individuals not associating strongly 
with one another. 
Position 
Top edge: upper 0.25 m of the water column 
and within 0.3 m of the pool side. 
PREDATOR--PREY INTERACTIONS ALTERED BY COVER 257 
Bottom edge: lower 0.25 m of the water column 
and within 0.3 m of the pool side. 
Top center: upper 0.25 m of the water column 
and beyond 0.3 m from the pool side. 
Bottom center: lower 0.25 m of the water col- 
umn and beyond 0.3 m from the pool side. 
Experiments generally consisted of observing 
feeding behavior of largemouth bass and anti- 
predator behavior of bluegills in the four stem 
densities. In each experiment, one largemouth 
bass was combined with 35 prey. Before any 
experiment, largemouth bass were acclimated 
to the experimental pool for 2 to 7 days. Indi- 
viduals were considered acclimated when they 
fed regularly in the presence of an observer. 
Largemouth bass were starved for 24 hours be- 
fore each experiment. Immediately before test- 
ing, bluegills (previously untested) were added 
and isolated from the predator by a small wire- 
mesh cage (1 m diameter) for 5 minutes. When 
the cage was removed, experiments began and 
continued for 60 minutes. At the end of 60 
minutes, largemouth bass either were satiated 
or had quit trying to capture prey. Observations 
were made from 2-m-high ladders placed next 
to the pools. The first year, only predator be- 
havior was recorded; the next year, a second 
observer documented antipredator behavior of 
bluegills. Largemouth bass behaviors were cod- 
ed directly into a Datamyte 900 (Electro/Gen- 
eral Corporation, Minnetonka, Minnesota). An 
entry was made each time the largemouth bass 
exhibited a change in behavior. The Datamyte 
records time of each entry, thereby providing 
a record of time spent in each behavior and 
number of occurrences during each experi- 
ment. Bluegill behavior was recorded on coded 
data sheets at 5-minute intervals, providing in- 
stantaneous observations of their behavior 
twelve times during each experiment. At each 
observation, we recorded the percentage of 
bluegills either schooled or dispersed and in 
each of the four locations. At the same time, 
distances between the largemouth bass and the 
bluegill closest o it were recorded. Behavior, 
location, and initial distance from the predator 
were recorded for bluegills attacked uring ex- 
periments. From these data, we compared be- 
havior of bluegills attacked with those not at- 
tacked. After an experiment, largemouth bass 
were permitted continued access to the remain- 
ing bluegills for 24 hours; after 24 hours, blue- 
gills were removed and counted. Modifications 
in bluegill behavior across stem density could 
be influenced either by the presence of the 
largemouth bass predator or stem density itself. 
To distinguish between these two effects, we also 
quantified the behavior of bluegills without a 
predator at all stem densities. 
Analysis of largemouth bass and bluegill be- 
haviors differed because of the different types 
of data collected for each fish: that is, contin- 
uous versus instantaneous observations. We 
analyzed predator data on the basis of number 
of occurrences and time spent in each activity 
and bluegill data on the basis of the percent of 
individuals participating in each behavior at each 
observation. Walsh averages were used to cal- 
culate medians and 95% confidence intervals for 
behaviors and positions (Hollander and Wolfe 
1973). 
To provide for replication we tested at least 
two different largemouth bass a total of seven 
times at each stem density. For bluegills, each 
treatment was replicated at least five times with 
a predator and two times without a predator. 
About 60% of the replicates for the largemouth 
bass were run in the first year; all replicates of 
the low-density treatment were run in the sec- 
ond year. Results obtained in the 2 years were 
not significantly different (P > 0.05) nor were 
the three major behaviors among individual 
largemouth bass (two-way layout): 
Behavior Years (P) Individuals (P) 
Captures (number) 0.11 0.26 
Activity (minutes) 0.28 0.82 
Visual contact (minutes) 0.15 0.38 
Because some fish were used in experiments 
more often than others, we tested each individ- 
ual against he others (combined as a group) to 
determine if any one of them might bias our 
results. In these comparisons, no individuals 
tested were different from the group (P > 0.05, 
two-way layout). Furthermore, we added data 
from preliminary experiments (in which we re- 
corded behaviors in a slightly different fashion) 
to the group of final experiments and again 
compared behavior of single fish with that of 
the group. As before, the behavior of single fish 
did not differ from that of the group (P > 0.05, 
two-way layout). Thus, data from both years for 
individual largemouth bass were lumped for 
presentation and analysis. 
To relate our findings to a more natural sit- 
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FIGUrœ 1.•(A) Number of times each of several largemouth bass behaviors occurred with increasing stem density during 
an experiment. (B) Time spent in each behavior by largemouth bass with increasing stem density during an experiment. 
Visual contact was the sum of time the predator spent motionless while observing bluegills, and following, pursuing, 
attacking, and capturing bluegills. Medians not significantly different from each other are underlined (Kruskal-Wallis 
test, P > 0.05). Sample sizes (in parentheses) for each treatment forall behaviors are given in the top panel, except 
where indicated ifferently. 
uation, we compared the amount of cover pro- 
vided by polypropylene line with that provided 
by a natural aquatic macrophyte Potamogeton 
natans, by quantifying the percent cover pro- 
vided by each at the same stem density. Percent 
cover was defined as the percent vertical area 
of the water column occupied by vegetation 
(artificial or natural). If refuge for prey is re- 
lated to the amount of visual isolation between 
predhtor and prey, percent cover should pro- 
vide some measure of protection available to 
prey at any given stem density. To measure 
percent cover, we photographed from the side 
a 0.5-m strip (extending 12.5 cm into an aquar- 
ium) of each stem type (artificial or natural) at 
the three experimental densities. Photographs 
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then were digitized (Hewlett-Packard Digitizer, 
Model 9874) and percent cover was calculated 
for each stem density. 
Results 
Changes in stem density modified the pred- 
atory tactics of largemouth bass. Predator be- 
havior, as measured by number of occurrences 
or time spent, did not change from zero to low 
density, nor did it change from medium to high 
(Fig. 1). However, nearly all predatory behav- 
iors declined significantly as stem density in- 
creased from zero to medium or from low to 
high, suggesting that these behavioral patterns 
were modified between densities of 50 and 250 
stems/m 2. 
Participation by largemouth bass in preda- 
tory behaviors, as measured by number of oc- 
currences of the behaviors, declined as stem 
density increased (Fig. 1A). As these behaviors 
decreased, so did the number of bluegills cap- 
tured by largemouth bass, during both 1-hour 
and 24-hour feeding bouts. Consistent with the 
results of Glass (1971), increasing stem density 
reduced the predatory ability of largemouth 
bass. 
Time spent in each predator behavior did not 
reflect the number of its occurrences. Search 
time remained constant whereas follow time 
decreased as stem density increased (Fig. lB). 
When active, largemouth bass spent most of 
their time searching and following. Pursuing, 
attacking, and capturing contributed little to 
total feeding times at zero and low stem density. 
As these behaviors declined and approached 
zero at medium and high stem density, signif- 
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icant differences occurred between zero-low and 
medium-high stem densities. Because swim- 
ming speed and metabolic rate are exponen- 
tially related (Glass 1971), the contribution of 
pursuit, attack, and capture (behaviors that in- 
volve fast swimming) to costs of predation may 
be substantial, even though these behaviors 
make up a small portion of the time budget. 
Time spent active by largemouth bass de- 
creased with increasing stem densities; preda- 
tots did not appear to compensate for reduced 
captures by increased searching or following. 
Largemouth bass could not capture bluegills 
at high stem density because they could not find 
or follow them through the artificial vegetation. 
Visual contact between predator and prey de- 
clined precipitously with increasing stem den- 
sity (Fig. lB). Both the total number of follows 
(Fig. 1A) and the percent of follows leading to 
an attack (Fig. 2) decreased with increased stem 
dbnsity, thereby decreasing the possible num- 
ber of attacks. However, the percent of cap- 
tures resulting from an attack did not change 
with stem density (Fig. 2), a result supported by 
the work of Glass (1971). Thus, the ability of a 
largemouth bass to follow and attack was in- 
strumental in determining capture success. Once 
begun, attacks led to captures about 70% of the 
time in a total of 476 attacks. Even given this 
result, more attacks were required per capture 
at low than at zero density. Number of captures 
were similar between these two densities; how- 
ever, energy required per capture was probably 
higher at low than at zero stem density. 
Bluegill behavior was modified by both stem 
density and the presence of largemouth bass. 
Generally, bluegill behavior was less variable 
when largemouth bass were present. At each 
stem density except the highest, the percent of 
fish schooling was similar, whether a predator 
was present or not (Table 1; Fig. 3). At high 
density, predator presence significantly re- 
duced the percent of bluegills chooling. Of the 
bluegills attacked by largemouth bass at zero, 
low, and medium stem densities, few were 
schooling (mean = 6.0%; Clopper-Pearson 95% 
confidence interval = +_2.7%; N = 302; Hol- 
lander and Wolfe 1973). The ratio of attacks 
on schooled to dispersed bluegills was similar 
across these three treatments (binomial test: 
P •> 0.14; N = 302; Hollander and Wolfe 1973). 
Thus, because so few schools were attacked, 
schooling was advantageous at these densities. 
Yet, at high stem density, no bluegills were at- 
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T ^ BI• 1 .--Null probabilities a ofchanges in behavior and distribution f bluegills across stem densities with and without 
co-occurring largemouth bass. Plus and minus igns in parentheses indicate whether a behavior of bluegill was enhanced 
(+) or depressed (-) as stem density increased. Probabilities are from distribution-free multiple comparisons based on 
Kruskal-Wallis rank sums (Hollander and Wolfe 1973). Within-treatment comparisons can be found on the figures 
referenced. 
Plant densities (stems per m 2) 
0 0 0 50 50 250 
Bluegill behavior Figure versus versus versus versus versus versus 
or distribution reference 50 250 1,000 250 1,000 1,000 
Schooling (%) 3 
With bass __b __ *** (_) 
Without bass -- -- -- 
Top edge (%) 4 
With bass *** (-) *** (+) 0.06 (-) 
Without bass 0.22 (+) -- -- 
Bottom edge (%) 4 
With bass *** (+) *** (+) 0.10 (-) 
Without bass -- -- 0.36 (+) 
Top center (%) 4 
With bass -- -- *** (+) 
Without bass -- -- -- 
Bottom center (%) 4 
With bass -- ** (+) *** (+) 
Without bass -- -- 0.22 (-) 
Distance to bass (m) 5 
Closest schooled * (+) 0.39 (+) ** (+) 
School attacked * (+) -- • 
Closest dispersed -- -- 0.07 (-) 
Dispersed attacked 0.49 (+) 0.39 (+) c 
*** (-) *** (-) 
-- 0.34 (+) ** (+) 
0.15 (-) ** (-) -- 
*** (-) *** (-) 
*(+) -- 
*** (+) *** (+) 
*** (+) *** (+) *** (+) 
-- 0.48 (+) 
c c 
*** (-) *** (-) 
e e 
ap •<. 0.05; ** 0.01; *** 0.001. 
All dashes designate P •> 0.5. 
No attacks on bluegills by largemouth bass occurred at high stem density. 
tacked and only schooling bluegills were fol- 
lowed. Apparently, bluegills reduced their sus- 
ceptibility to the predator by dispersing among 
the stems at high density and schooling at low 
densities. 
Bluegill distribution was also modified by stem 
density and predators. In the absence of pred- 
ators, bluegills moved throughout the pool, al- 
though they showed some affinity for edges (Fig. 
4). When a largemouth bass was present, blue- 
gills stayed near pool edges (especially bottom 
edges), except at high density when they dis- 
persed throughout the pool. Largemouth bass 
responded to this distribution by exclusively 
attacking individuals at the edge in the three 
lowest stem densities; only 1% of all attacks (N = 
302) were on bluegills in the center. Center at- 
tacks excluded, largemouth bass did not differ- 
entially attack bluegills at the top or bottom edge 
(binomial test: P •> 0.12; N = 129) except at low 
density, in which largemouth bass showed a 
slight preference for attacking bluegills at the 
top edge (binomial test: P = 0.05; mean = 57%; 
N = 169). Given that so few bluegills were found 
at the top edge (Fig. 4) and about 50% of the 
predator attacks occurred there, the probability 
that an individual at the surface would be eaten 
was high. Thus, bluegills reduced their vulner- 
ability to a predator by congregating near bot- 
tom edges in all pools. Typically, bluegills tayed 
in areas of discontinuity, either air-water or 
sediment-water interfaces, at the pool edge. In 
this way, bluegills were protected from two at- 
tack directions: dorsally and laterally or ven- 
trally and laterally. Bluegills moved only to cen- 
ter pool when stem density was high enough 
(1,000 stems/m 2) to provide protection from 
predation. 
Occurrence of an attack depended on dis- 
tances between largemouth bass and bluegills. 
Largemouth bass generally attacked bluegills 
within about 0.5 m from the predator; bluegills 
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were most commonly farther than 0.5 m from 
the predator (Fig. 5). Generally, schooled blue- 
gills remained farther from largemouth bass 
than dispersed ones (not attacked; Fig. 5). As 
stem density increased, schools tayed farther 
from largemouth bass, whereas individuals were 
closer. Largemouth bass attacked from about 
the same distance regardless of stem density or 
dispersion pattern of bluegills (Fig. 5). 
Our comparison of artificial with natural cov- 
er showed that Potamogeton atans provided 
more cover than artificial vegetation at similar 
densities (Fig. 6). From this relationship, we 
would predict that natural densities ofP. natans 
of 130 stems/m z (about 250 artificial stems/m z) 
or greater would modify predatory behavior of 
largemouth bass and antipredator behavior of 
bluegills. 
Discussion 
Recent work suggests that intermediate 
structural complexity within a habitat produces 
optimum conditions for predator growth, be- 
cause it ensures a long-term supply of prey 
(Glass 1971; Cooper and Crowder 1979). This 
prediction depends on a positive relationship 
between structural complexity and prey num- 
bers (DiConstanzo 1957; Saiki and Tash 1979) 
and an inverse relationship between predation 
rate and structural complexity--assumptions 
supported by our results and by those of other 
investigators (Huffaker 1958; Glass 1971; 
Crowder and Cooper 1979; Saiki and Tash 
1979). However, rather than a linear relation- 
ship, we found a break in capture rate occur- 
ring at a moderately high structural complexity 
(greater than 15% cover), beyond which large- 
mouth bass predators of greater than 300 mm 
were severely limited. This limitation was pro- 
duced by a combination of factors, including the 
antipredator response of prey and a reduction 
in visual contact of prey by predators caused by 
an increasing number of barriers. Largemouth 
bass also changed their tactics with changes in 
structural complexity; at low densities they were 
active searchers whereas at high densities, they 
became "sit and wait" or ambush predators. 
These behavioral shifts may operate to mini- 
mize energy costs required for prey capture. 
Vulnerable prey often seek cover to avoid 
predation (Stein and Magnuson 1976; Stein 
1977; Werner et al. 1977; Saiki and Tash 1979). 
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Immobilization or "freezing" (Smythe 1970; 
Curio 1976) combines with cryptic coloration 
(Endler 1980) to permit prey to blend in with 
their background and avoid detection. Al- 
though percent cover increased linearly with 
stem density, it did not afford protection for 
dispersed bluegills in our experiments until high 
stem densities were reached (about 40% cover). 
At high cover densities, bluegills may well be 
difficult to detect owing to their barred color 
patterns. These color patterns combine with the 
antipredator tactic of becoming completely mo- 
tionless in the presence of a predator to reduce 
substantially the vulnerability of bluegills, even 
within striking range of largemouth bass. 
At stem densities less than 250 stems/m 2, 
bluegills exhibited a different behavioral rep- 
ertoire to reduce their susceptibilityß Schooling 
can reduce the probability of capture of a given 
individual, for as the number of individuals in 
a group increases, predation success and prob- 
ability of encounter with a predator decline 
(Brock and Riffenburgh 1960; Hamilton 1971; 
Neill and Cullen 1974; Taylor 1976; Major 
1978; Shaw 1978). Furthermore, imitation of 
neighbors in defense movements enables 
schooling prey to respond to an attack more 
rapidly than solitary prey (Radakov 1973). As 
group size increases, it becomes increasingly 
difficult for a predator to single out and attack 
an individual (Neill and Cullen 1974; Seghers 
1974; Major 1978). In fact, few schooled blue- 
gills in our study were attacked, perhaps owing 
to the increase in difficulty of capturing schooled 
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over dispersed prey or to the ability of schooled 
prey to respond and stay farther from large- 
mouth bass than dispersed prey. Increased 
structural complexity also increased the dis- 
tance schools could maintain from largemouth 
bass. However, bluegills eventually switched 
their strategy from primarily schooling at low 
stem densities to dispersing at the highest den- 
sity, in response to advantages associated with 
dispersal. At high density dispersed prey could 
hide effectively; thus fewer advantages accrued 
to schooling individuals. Indeed, schooling may 
be disadvantageous at this density as it provided 
groups large enough for largemouth bass to find 
and follow. 
Optimal foraging theory predicts that strat- 
egies will be selected for maximizing net energy 
intake (providing lowest costs per benefit to a 
predator: Pyke et al. 1977). Cost often is mea- 
sured as time spent in active foraging behaviors 
(Werner 1974). Predator activity may be influ- 
enced by the relative costs in searching for, pur- 
suing, and capturing prey (Griffiths 1980). If 
prey attack and capture is energetically inex- 
pensive, then predators can afford to adopt an 
active foraging strategy--increasing time spent 
in search and pursuit. Given that prey attack 
and capture is energetically costly, then pred- 
ators should minimize energy expenditures in 
other activities (such as pursuit) and become 
ambush predators. Our results suggest hat 
predators switch strategies as prey vulnerability 
changes; largemouth bass were far-ranging 
predators at low stem densities in which prey 
were highly vulnerable, but ambush predators 
at high stem densities, when prey vulnerability 
was low. Thus, we believe that predatory tactics 
of largemouth bass may be a function of habitat 
as well as a species-specific characteristic (such 
as body shape). Clearly, piscivores that typically 
associate themselves with inshore macrophytes 
(largemouth bass; northern pike Esox lucius) 
would be ambush predators, whereas open- 
water species (white crappie Pomoxis annularis; 
white bass Morone chrysops) would be active, 
searching predators. From our perspective, the 
largemouth bass is probably flexible in its pre- 
dation strategies. Whether this species is an am- 
bush or an actively searching predator depends 
on the complexity of the habitat in which it (or 
its prey) happens to live. 
In addition to using different tactics in dif- 
ferent stem densities, largemouth bass also re- 
duced costs by attacking only prey with the 
greatest chance of being captured. Almost al- 
ways, these prey were dispersed within a rather 
short striking distance. Once the predator at- 
tacked, capture was nearly assured; success rates 
were high--70-80%---corresponding to the 90% 
rate measured by Nyberg (1971). The most en- 
PREDATOR--PREY INTERACTIONS ALTERED BY COVER 265 
ergy-costly behaviors are probably pursuit, at- 
tack, and capture, and these behaviors were 
directed at prey within a short distance from 
largemouth bass. With this strategy, costs per 
unit of benefit were minimized. 
This study demonstrates that vegetation is 
effective as cover in reducing predation mor- 
tality of juvenile bluegills. Therefore, we have 
at least partly explained the distribution of ju- 
venile centrarchids in natural communities on 
the basis of predation pressures, which cause 
prey to move into relatively safe areas of vege- 
tation or areas providing similar amounts of 
cover. The resultant reduction in vulnerability 
can be explained by increases in the number of 
visual barriers (or percent cover), as well as by 
modifications in prey behavior. The random- 
encounter model is supported in part by the 
continual decline in encounter rates as stem 
density increases. In addition, prey modify their 
behavior (decreased schooling) in the presence 
of predators, further reducing their visibility 
and susceptibility. 
Acknowledgments 
We thank Vanessa Murchake for her untir- 
ing assistance and enthusiasm in the face of te- 
dious behavioral observations, and B. L. John- 
son, R. F. Carline, J. F. Downhower, L. B. 
Crowder, D. L. Johnson, and K. Laub for pro- 
viding critical, highly constructive reviews of this 
manuscript. This research was supported in part 
by funds from the Federal Aid in Fish Resto- 
ration Act under Dingell-Johnson Project F-57- 
R, the National Science Foundation (DEB77- 
16167), and the Department of Zoology. 
References 
BROCK, V. E., AND R. n. RIFFENBURGH. 1960. Fish 
schooling: a possible factor in reducing preda- 
tion. Extrait du Journal du Conseil, Conseil In- 
ternational pour l'Exploration de la Mer 25:307- 
317. 
COOPER, W. E., AND L. B. CROWDER. 1979. Patterns 
of predation in simple and complex environ- 
ments. Pages 257-267 in R. H. Stroud and H. 
Clepper, editors. Predator-prey systems in fish- 
eries management. Sport Fishing Institute, 
Washington, District of Columbia, USA. 
CROWDER, L. B., AND W. E. COOPER. 1979. Structural 
complexity and fish-prey interactions in ponds: 
a point of view. Pages 2-10 in D. L. Johnson and 
R. A. Stein, editors. Response of fish to habitat 
structure in standing water. North Central Di- 
vision, American Fisheries Society, Special Pub- 
lication 6, Bethesda, Maryland, USA. 
Cwmo, E. 1976. The ethology of predation. Spring- 
er-Verlag, New York, New York, USA. 
D•CosTANZO, C.J. 1957. Growth of bluegill, Lepomis 
macrochirua, and pumpkinseed, L. gibbosus, of Clear 
Lake, Iowa. Iowa State College Journal of Sci- 
ence 32:19-34. 
ENDLER, J. A. 1980. Natural selection on color pat- 
terns in Poecilia reticulata. Evolution 34:75-91. 
GLASS, N. R. 1971. Computer analysis of predation 
energetics in the largemouth bass. Pages 325-363 
in B. C. Patten, editor. Systems analysis and sim- 
ulation ecology, volume 1. Academic Press, New 
York, New York, USA. 
GRIFFITHS, D. 1980. Foraging costs and relative prey 
size. American Naturalist 116:743-752. 
HALL, D. J., AND E. E. WERNER. 1977. Seasonal dis- 
tribution and abundance of fishes in the littoral 
zone of a Michigan Lake. Transactions of the 
American Fisheries Society 106:545-555. 
HAMILTON, W. D. 1971. Geometry for the selfish erd. 
Journal of Theoretical Biology 31:295-311. 
HOLLANDER, M., AND D. A. WOLFE. 1973. Nonpara- 
metric statistical methods. John Wiley and Sons, 
New York, New York, USA. 
HUFFAKER, C. B. 1958. Experimental studies on pre- 
dation: dispersion factors and predator-prey os- 
cillations. Hilgardia 27:343-383. 
KEAST, A. 1977. Mechanisms expanding niche width 
and minimizing intraspecific ompetition in two 
centrarchid fishes. Evolutionary Biology 10: 
333-395. 
KEAST, t. 1978. Feeding interrelations between age- 
groups of pumpkinseed (Lepomis gibbosus) and 
comparisons with bluegill (L. macrochirua). Jour- 
nal of the Fisheries Research Board of Canada 
35: 12-27. 
LAUGHLIN, D. R., AND E. E. WERNER. 1980. Resource 
partitioning in two coexisting sunfish: pumpkin- 
seed (Lepomi• gibbosus) and northern longear sun- 
fish (Lepomi• megaloti• pelta•tes). Canadian Journal 
of Fisheries and Aquatic Sciences 37:1411-1420. 
MAJOR, P. F. 1978. Predator-prey interactions in two 
schooling fishes Caram ignobilis and Stolephorua 
purpureus. Animal Behavior 26:760-777. 
MITTELBACB, G. G. 1981. Foraging efficiency and 
body size: a study of optimal diet and habitat use 
by bluegills. Ecology 62:1370-1386. 
NE•LL, S. R. ST. J., AND J. M. CULLEN. 1974. Exper- 
iments on whether schooling by their prey affects 
the hunting behavior of cephalopods and fish 
predators. Journal of Zoology (London) 172:549- 
569. 
NYBERC, D. W. 1971. Prey capture in the largemouth 
bass. American Midland Naturalist 86:128-144. 
OZIMEK, T., A. PREJS, AND K. PREJS. 1976. Biomass 
and distribution of underground parts of Pota- 
mogeton perfoiliatus and Potamogeton lucens in 
Mikolajskie Lake, Poland. Aquatic Botany 2:309- 
346. 
266 SAVINO AND STEIN 
PYRE, G. H., H. R. PULLIAM, AND E. L. CH^RNOV. 1977. 
Optimal foraging: a selective review of theory and 
tests. The Quarterly Review of Biology 52: 
137-154. 
RaD^ROV, D. V. 1973. Schooling in the ecology of 
fishes. Translated from Russian by H. Mills. John 
Wiley and Sons, New York, New York, USA. 
S^IRI, M. K., ^ NDJ. C. T^SH. 1979. Use of cover and 
dispersal by crayfish to reduce predation by 
largemouth bass. Pages 44-48 in D. L. Johnson 
and R. A. Stein, editors. Response of fish to hab- 
itat structure in standing water. North Central 
Division, American Fisheries Society, Special 
Publication 6, Bethesda, Maryland, USA. 
SEGHERS, B. H. 1974. Schooling behavior in the gup- 
py (Poecilia reticulata): an evolutionary response 
to predation. Evolution 28:486-489. 
SHAW, E. 1978. Schooling fishes. American Scientist 
66:166-175. 
SHELDON, R. B., AND C. W. BOYLEN. 1977. Maximum 
depth inhabited by aquatic vascular plants. 
American Midland Naturalist 97:248-254. 
SMYTHE, N. 1970. On the existence of "pursuit in- 
vitation" signals in mammals. American Natu- 
ralist 104:491-494. 
STEIN, R. a. 1977. Selective predation, optimal for- 
aging, and the predator-prey interaction be- 
tween fish and crayfish. Ecology 58:1237-1253. 
STEIN, R. A., AND J. J. MAGNUSON. 1976. Behavioral 
response of crayfish to a fish predator. Ecology 
57:751-761. 
TAYLOR, R.j. 1976. Value of clumping prey and the 
evolutionary response to ambush predators. 
American Naturalist 110:13-29. 
WERNER, E. E. 1974. The fish size, prey size, handling 
time relation in several sunfishes and some im- 
plications. Journal of the Fisheries Research 
Board of Canada 31:1531-1536. 
WERNER, E. E., D. J. HALL, D. R. LAUGHLIN, D. J. 
W^GNER, L. A. WILS•ANN, ^ ND F. C. FUNR. 1977. 
Habitat partitioning in a freshwater fish com- 
munity. Journal of the Fisheries Research Board 
of Canada 34:360-370. 
